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Age-related histological changes in rat tibial 
Running head: Bone development is a dynamic process 
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Background: At present, studies on osteochondral morphogenesis only focus on a 
certain period of time or only provide a pattern diagram, but lack of dynamic tracking 
observation from the initiation of development to maturity. This study was to 
dynamically observe the changes of skeleton morphology and structure from embryo 
to adult, to provide research data for enriching the knowledge of bone and cartilage 
tissue structure.  
Materials and methods: In the intrauterine experiment, 5 normal pregnant Wistar 
rats were sacrificed under anesthesia at gestational day (GD) 14, 17, 20, respectively. 
One of their offspring was randomly selected, and a total of 5 offspring were obtained 
at each time point. In the postnatal experiment, on the 7th and 10th day after birth and 
at postnatal weeks (PW) 2, 3, 6, 12, 28, 5 offspring rats from 5 different pregnant 
Wistar rats were randomly selected and sacrificed under anesthesia at each time point. 
After obtaining the above offspring, the soft tissue was removed, and the tibia of hind 
limbs was retained for paraffin-embedded section. After stained with Safranin-O-fast-
green and hematoxylin, the morphological development of the tibia was observed 
under an optical microscope. 
Results: At GD14, there was no obvious joint space, the whole hind limb was 
cartilage and bone tissue was not visible. At GD17, visible joint space was seen and 
the chondrocytes in the center region appeared to hypertrophy. At GD20, the primary 
ossification center was obvious, and a typical epiphysis growth plate structure could 
be seen. On the 7th day after birth, the chondrocytes in the center of epiphysis 
cartilage were hypertrophic and differentiated, the cartilage canal grow from the 
cartilage surface toward the center of the epiphysis cartilage, at postnatal day 14, the 
secondary ossification center was formed. At this time, the tibia had typical 
morphological characteristics of the metaphysis, however, there was no obvious 
layered structure of articular cartilage; the stratified structure of articular cartilage 
could be seen at PW6, but its mature marker (tidemark) was still not visible; however, 
at PW12, typical four layers of articular cartilage appeared, and the tidemark was 
visible. The growth plates were clearly visible at PW2, 6 and 12. At PW28, growth 
plates could still be observed, but its morphology is abnormal.  
Conclusions: Our results, for the first time, dynamically observed the morphological 
changes of osteochondral at critical period of development from embryo to adult, 
especially the process of cartilage canal participating in the formation of secondary 
ossification center. 
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Bone and cartilage are important structures which forms the framework of the 
body, supporting, protecting and moving the body. Bones in different parts of the 
skeleton develop through two distinct processes[1], intramembranous ossification and 
intracartilaginous ossification. In intramebranous ossification, bones ossify directly 
without passing from the connective tissue structure to the cartilage tissue. In the 
intracartilaginous ossification type, which occurs in the axial and appendicular 
skeleton of vertebrates, the bones first turn into hyaline cartilage tissue and then into 
bone tissue [2]. Intracartilaginous ossification is initiated during fetal life, and 
continues until growth ceases in early adulthood. Limb development begins as a 
mesenchymal cell proliferation from the lateral plate mesoderm. These cells give rise 
to a circular bulge, known as the limb bud. Mesenchymal cells in the limb bud first 
undergo cellular condensation. This condensation results in a dramatically increased 
cell density that is a prerequisite for chondrogenesis. Following condensation, cells at 
the center begin to differentiate into the chondrogenic lineage and turn the 
mesenchymal condensation into a primordial cartilage anlage. The cartilage anlage 
represents the molds of the future skeletal elements, the entire model of the bone is 
still in a cartilage phase. When mesenchymal condensations form, several layers of 
mesenchymal cells at the boundary become fibroblast-like cells and eventually 
establish the perichondrium[3]. Shortly after the initiation of the cartilage anlage, 
chondrocytes at the center of individual cartilage anlages undergo hypertrophy. These 
pre- and early hypertrophic chondrocytes in the cartilage anlage secret Indian 
hedgehog protein to directly stimulate differentiation of their surrounding 
perichondrial cells into osteoblast lineage cells[4], including osteoprogenitors and 
osteoblasts, these secrete a characteristic matrix, forming a bone collar[5]. The bone 
collar surrounding the central region of cartilage anlage and eventually establishes the 
midshaft (diaphyseal) cortical bone. Blood vessels, osteoclasts, as well as bone 
marrow and osteoblast precursors then invade the model from the bone collar and 
proceed to form the primary ossification center (POC) [6]. In long bones, the 
secondary ossification center (SOC) subsequently forms shortly after birth at each end 
of the cartilage anlage, leaving a cartilaginous growth plate between the primary and 
secondary ossification centres, as well as the prospective permanent articular 
cartilages at each end of the bone[2]. The growth plate is responsible for longitudinal 
growth of bones. Skeletal maturity occurs when the expanding POC meets the SOC, 
thus obliterating the growth plate[7]. 
As an important tissue type in vertebrates, chondrocytes are involved in the 
whole process of the genesis and development of bone and cartilage system [3], so it 
is of great significance to study the biological mechanism of bone growth and 
development to explore the morphological characteristics and rules of chondrocyte 
differentiation in the process of osteochondrogenesis, and to uncover the pathogenesis 
of skeletal system diseases. However, there are few studies on characteristics of 
chondrocyte changes during chondrogenic formation, differentiation and 
intracartilaginous ossification. 
In bone research, rat is the most important model system at present, rat is more 
similar to humans in their philicity and their skeletal phylogenetic processes are more 
similar, so it remains the main animal model[8, 9]. Therefore, the purposes of the 
present study were to determine the sequential change of histologic events involved in 
the formation of long bones and their epiphysis from the embryonic limb-bud stage to 
skeletal maturity, to classify the various stages, and to define the time at which each 
event occurs in the rat. This study can provide research data for enriching the 
knowledge of bone and cartilage tissue structure. It also has positive significance for 
the healthy development of bone during the development period. 
 
MATERIAL AND METHODS 
Chemicals and reagents 
Fast Green (catalog no. 2353-45-9; Sigma-Aldrich, St. Louis, MO, USA) and 
Safranin-O (catalog no. CI-50240; Junsei Chemical Co. Tokyo, Japan); hematoxylin-
eosin (Sigma). 
 
Animals and treatment 
Specific pathogen free (SPF) Wistar rats (female: 180~220 g, male: 260~300 g) 
were obtained from the Experimental Center of Hubei Medical Scientific Academy 
(No. 2010-2012, Hubei, China). This experiment was performed in the Center for 
Animal Experimentation of Wuhan University (Wuhan, China), which has been 
accredited by the Association for Assessment and Accreditation of Laboratory Animal 
Care International (AAALAC International). All animal experimental procedures 
were approved by the Chinese Animal Welfare Committee and performed in 
accordance with their Guidelines for the Care and Use of Laboratory Animals.  
Animals were housed (room temperature: 18-22℃; humidity: 40%-60%), 
acclimated, and mated. Upon confirmation of mating by the appearance of sperm in a 
vaginal smear, the day was taken as gestational day (GD) 0. Pregnant rats were 
transferred to individual cages. 
In the intrauterine experiment, 5 normal pregnant Wistar rats with 10–14 live 
fetuses were anesthetized with isoflurane and euthanized on GD 14, 17, 20, 
respectively. One of their offspring was randomly selected, and a total of 5 offspring 
were obtained at each time point. For experiments on postnatal rats, 5 pregnant rats 
were kept until normal delivery on GD21. On postnatal day 1 (PD1), the numbers of 
pups were normalized to 8 pups per litter to assure adequate and standardized 
nutrition until weaning (postnatal week 4, PW4). On the 7th and 10th day after birth 
and at PW 2, 3, 6, 12, 28, 5 offspring rats from 5 different pregnant Wistar rats were 
randomly selected and sacrificed under anesthesia at each time point. After obtaining 
the above offspring, the soft tissue was removed, and the tibias of hind limbs were 
retained and fixed in 4% paraformaldehyde solution for 24 h before being decalcified 




Fetal rat tibia specimens were fixed in 4% paraformaldehyde at pH 7.4 for 3 days 
and then processed for paraffin embedding. Adult knee joints were fixed in 4% 
paraformaldehyde, decalcified in a 20% ethylenediamine tetraacetic acid solution for 
21 days, and then embedded in paraffin wax. After each paraffin wax was cut to the 
bone tissue layer, five layers were removed and the subsequent layers were retained 
for staining. The tibias were sectioned sagittally at a thickness of 5 μm. Safranin 
O/fast green staining and hematoxylin-eosin (H&E) staining were performed by 
standard procedures[10]. The photo images of histology were captured using the 
Nikon NIS Elements BR light microscope (Nikon, Tokyo, Japan). 
 
RESULTS 
Dynamic development of osteochondral from intrauterine to postnatal 
As shown in figure 1, at GD14，the mesenchymal cells aggregate to form a limb 
bud, which was cartilage anlages. There was no joint space at both ends of the 
cartilage anlages, the chondrocytes homing in the center of cartilage anlages where 
the POC is about to form. At GD17, the homing chondrocytes in the center of 
cartilage anlages differentiated into hypertrophic chondrocytes, the joint space was 
clearly visible, but the morphological difference between articular cartilage and 
epiphysis cartilage was not obvious. At GD 20, the POC expanded and the typical 
epiphysis growth plate cartilage structure was formed at both ends. 10-14 days after 
birth, the chondrocytes in the central area of the epiphysis cartilage at both ends of the 
cartilage anlages were hypertrophy and apoptosis, several cartilage canals elongate 
from different areas of epiphysis cartilage toward the location where the SOC will 
appear. At PW2, the SOC could be clearly identified. At PW3, the cartilage canals 
disappeared, forming a typical bone shape during development. At PW6, the articular 
cartilage had not formed the standard four-layer structure at maturity, and the 
tidemark and subchondral bone were not visible. At PW12, articular cartilage was 
mature with a typical four-layer structure, the tidemark and subchondral bone could 
be clearly identified. As the growth plate of rats existed for life, the residual growth 
plate could still be seen at PW28. 
 
Morphological overview of cartilage anlages and primary ossification center 
GD14，the cartilage anlages formed by the aggregation of mesenchymal cells 
was clearly visible, all of it was cartilage, bone tissue was not visible, all the stains 
were Safranin-O, fast-green without staining. At this time, there was no obvious joint 
space, the position where the joint will form was still the dense mesenchymal cells, 
undifferentiated chondrocytes were the main cells in the cartilage anlages. The 
chondrocytes in the center of the cartilage anlages became bigger and formed clusters, 
the intercellular space was larger than that at both ends, and begin to differentiate into 
prehypertrophic chondrocytes. 
GD17, the joint space at both ends of the cartilage anlages was clearly visible 
and the anatomical structure of the tibia was clearly defined, the whole tibia was still 
cartilage, and bone tissue was not visible, all of it was stained with Safranin-O. 
However, at this time, the volume of the middle segment cells of cartilage anlages 
increased, showing the typical morphology of hypertrophic chondrocytes, indicating 
that the POC was about to be formed. With the hypertrophy of chondrocytes in the 
central position, the cartilage anlages began to stratify, the cells close to the joint 
surface were densely arranged and uniform in shape and size, with the characteristics 
of stem cells. From the joint to the center, the cell volume gradually increased and 
hypertrophic. The results showed that the cartilage anlage was a model of the future 
skeletal elements, and the chondrocytes in the middle of the cartilage anlage 
developed hypertrophy before the cartilage anlage ossified. When the cartilage anlage 
was ossified, the chondrocytes in the middle were the first to become hypertrophy 
(Figure 2 D, E, F). 
 
Osteochondral development on the day before birth 
GD20, which is the day before birth, the bone further developed and matured, the 
longitudinal length of the tibia became longer and the transverse width increased, the 
two ends were still cartilage and stained with Safranin O. At this time, a mature POC 
with fast-green colored bone tissue and typical medullary cavity structures could be 
observed. A typical epiphysis growth plate structure located at both ends of tibia could 
be seen. From the surface to the deep layer of cartilage, chondrocytes gradually 
mature, cells vary in morphology, with distinct cell layers, more regular, orderly 
arrangement, and regular distribution. It could be roughly divided into articular 
cartilage, epiphysis cartilage, epiphysis growth plate, terminal chondrocyte (chondro-
osseous junction) and POC (Figure 3B). In addition, the epiphysis growth plate could 
be further subdivided into resting zone, proliferating zone, prehypertrophy and 
hypertrophy zone (Figure 3B). In the cartilaginous reserve region, chondrocytes were 
elliptic, with a large number and dense arrangement, the arrangement direction was 
parallel to the articular surface, and still retains the characteristics of stem cells. The 
chondrocytes in the proliferating zone were proliferated by the reserved chondrocytes 
and arranged in series. The cell volume increased, the cells appeared in pairs and 
groups, and the intercellular space increased. Subsequently, the hypertrophic 
chondrocytes became round and enter the morphology of the pre-hypertrophy 
chondrocytes, which were further differentiated into hypertrophic chondrocytes. The 
hypertrophic chondrocytes were close to the POC and have the largest volume (Figure 
3C). Each cell existed independently, and eventually apoptosis and osteogenesis. At 
the same time, there was a layer of terminal chondrocyte (chondro-osseous junction) 
in the interface between hypertrophy chondrocytes and osteoblasts. 
 
Formation and morphological characteristics of secondary ossifying centers 
In rats, SOC is often found in PW2, but the formation of SOC is a dynamic 
process, which may start from PW1. Similar to the formation of POC, partial 
chondrocyte that in the region where the ossification center is about to appear are 
hypertrophic and apoptotic, but what is different is that the formation of SOC involves 
the participation of cartilage canal. In the early stage of SOC formation, several 
vascular-like cartilage canal elongate from different areas of epiphysis cartilage 
toward the location where the SOC will appear. These cartilage canals communicated 
with the tissue with abundant blood supply on the surface of cartilage, and allow for 
the arrival of blood vessels, vasoactive substances and osteoprogenitors to the center 
of the epiphysis cartilage to promotes the SOC formation. However, the cartilage 
canal was no longer visible at PW3 (Figure 4). Once the SOC is formed, there were 
more than three ossification centers in the long bone, one in the center of the 
diaphysis and the other at both ends. At this stage, the typical bone morphology of the 
development period was formed, that was, from the joint space to the center of the 
diaphysis, in the order of articular cartilage, epiphysis cartilage, SOC, growth plate 
and POC (Figure 4). 
Cartilage canal, as shown in Figure 5A, the formation of cartilage canal 
generally began at multiple points simultaneously, the initial structure of the cartilage 
canal was similar to the structure of the ossification center, and gradually expanded to 
form a tubular structure. It joined the SOC with the tissue with abundant blood vessels 
on the surface of cartilage. Cartilage canal is a tubular structure surrounded by loose 
connective tissue, with a diameter of 50 ~ 150um, the cartilaginous wall is continuous 
with the pericardium, and there are red blood cells in the lumen, it’s ends like a 
capillary bulb. When the SOC was mature, the cartilage canal which passed through 
the non-vascular tissue was closed again, so as to maintain the vascularization of 
cartilage in the proximal joint area (Figure 1F). 
Articular cartilage, at PW2, a large SOC could be seen in the center of 
epiphysis, the cartilage between the ossification center and the cartilaginous surface 
was articular cartilage (Figure 5C, D). The volume of chondrocytes was larger than 
that of GD20, and the intercellular space increased. However, it was still difficult to 
distinguish articular cartilage from the underlying epiphysis cartilage by histology. 
They could be roughly divided into three layers: The chondrocytes in the surface layer 
were flat and densely arranged, the volume of chondrocytes in the middle layer 
increased and show the oval-shape, and agglomerated into clusters, the deep layer was 
adjacent to the SOC, and the chondrocytes were hypertrophic (Figure 5C). Vascular 
invasion could be seen at the edge of articular cartilage, and cartilage canal could be 
seen in the center of articular cartilage, and the cells around the cartilage canal were 
hypertrophic chondrocytes. 
Secondary ossification center, from 7th day after birth, chondrocytes at the 
center of the epiphysis cartilage underwent hypertrophy and matrix mineralization, 
the cartilage canals extended to this region from different positions, and finally the 
inner ends of the canal fused and expanded by continued excavation of surrounding 
hypertrophic chondrocytes to create the space for bone and bone marrow, thus 
establishing the SOC. After the formation of ossification center, with the invasion of a 
large number of blood vessels, the SOC began a centripetal and continuous process of 
chondrocyte proliferation, hypertrophy, transformation, apoptosis, vascular invasion 
and other new bone formation processes from the inside to the outside. The SOC had 
a process of gradual ossification and expansion. When the SOC expanded close to the 
epiphysis plate, its shape changed from spherical to flat, and its longitudinal axis 
gradually parallel to the metaphyseal. Morphological observation showed that the 
osteogenesis of the SOC adjacent to the articular space was different from that of the 
growth plate, chondrocytes directly differentiate into hypertrophic chondrocytes from 
resting chondrocytes, there was no longitudinal proliferation and division process. In 
the above process, chondrocytes did not experience the obvious proliferation stage 
and pre-hypertrophy stage. Compared with the process of epiphysis ossification, we 
found that chondrocytes in epiphysis cartilage did not undergo columnar chondrocyte 
proliferation. However, no obvious hypertrophic chondrocytes could be observed in 
the side of the SOC near the growth plate, and there was a well-defined osseous 
boundary, which was called epiphysis border, which might be related to the 
prevention of ossification of the reserved cartilage layer of the growth plate (Figure 
5E). 
Growth plate, as shown in Figure 5F, at PW2, the growth plate had a clearer 
four discrete zones, and its morphology was consistent with that of the epiphysis 
growth plate at GD20, which was located between the SOC and the POC. 
 
Morphological characteristics of mature osteochondral  
As shown in Figure 6, at PW6, the structure of the joint (meniscus, cruciate 
ligament) was clearly visible, and the joint structure was mature. The ossification 
center continues to expand, and there was no cartilage canal in the articular cartilage. 
However, the articular cartilage was still not fully developed at this time, the four-
layer structure of the articular cartilage was still unclear, and the cell arrangement had 
no obvious characteristics, the area near the SOC was still hypertrophic chondrocytes 
(Figure 6C). Calcified cartilage layer, tidemark, subchondral bone was still not 
recognized (Figure 6C). At this time, the growth plate was still clearly visible, and its 
shape, length and width were not significantly different from those of PW2, but the 
epiphysis border that is the boundary between the growth plate and the SOC, was 
clearer. At PW12, HE staining showed that articular cartilage was mature, and its 
four-layer structure was clearly visible. In addition, the tidemark, a marker of mature 
articular cartilage, was clearly visible, and the subchondral bone could be clearly 
identified (Figure 6E). In rats, we observed that the growth plate still existed until 
PW28 (The structure of growth plate exists for life in rats), but at this time the growth 
plate morphology was abnormal, the thickness was obviously thinner (Figure 6F), 
which can’t continue to promote the growth of limb length. 
 
DISCUSSION 
Dynamic changes of cartilage anlages morphology 
Skeletogenesis initiates at around mid-gestation in the mouse embryo. Limb 
development begins as mesenchymal cells form condensations from the lateral plate 
mesoderm. During this process, mesenchymal progenitor cells first move to the future 
bone sites and then differentiate into chondrocytes to form a cartilage anlage[11]. The 
cartilage anlage represents the molds of the future skeletal elements and is gradually 
replaced by bone during intracartilaginous ossification[12]. When mesenchymal 
condensations form, several layers of mesenchymal cells at the boundary become 
fibroblast-like cells and eventually establish the perichondrium, chondrocytes at the 
center of individual cartilage anlages undergo hypertrophy. The hypertrophic 
chondrocyte, simply through its size, is the principal engine of bone growth, and is 
also a master regulatory cell. Hypertrophic chondrocytes direct the mineralization of 
their surrounding matrix, attract blood vessels through the production of vascular 
endothelial growth factor and other factors, and attract chondroclasts (closely related 
or identical to osteoclasts, which are cells of the macrophage lineage that digest 
matrix)[5]. Hypertrophic chondrocytes then undergo apoptotic cell death. Bone-
forming cells then invade their lacunae and form POC[3]. This study found that, by 
GD14, chondrocytes in the centre of the cartilage anlage then stop proliferating, 
enlarge (hypertrophy). At GD17, the chondrocytes in the centre of the cartilage anlage 
have gone almost immediately from prehypertrophy to the terminal stage, without 
undergoing overt hypertrophy. Meanwhile, the joint cavity is formed and the complete 
model of the developing bone and joint has been formed. The cartilage model of the 
developing bone then increases in size by both interstitial and appositional growth of 
the chondrocytes. By GD20, a POC can be clearly distinguished.  
Once the POC has formed and early intracartilaginous and intramembranous 
bone formation has proceeded toward either end of the bone, it is at this stage that the 
entire cartilaginous region at the developing end of each long bone is referred to as 
the epiphysis (Figure 3)[13]. The epiphysis is sometimes referred to as the 
chondroepiphysis, but use of this term should be restricted to the time prior to 
formation of the SOC. That part of the epiphysis adjacent to the joint is referred to as 
the articular cartilage. This merges in indistinguishable fashion histologically with the 
underlying epiphysis cartilage and only reaches its definitive structure at skeletal 
maturity when the lowest zone of the articular cartilage calcifies persisting in the adult 
as the zone of calcified cartilage[13]. The epiphysis growth plate, which is also 
referred to as the physis or simply the growth plate (Figure 3), is the cytologically and 
functionally specialized region of the epiphysis responsible for most of the 
longitudinal growth of a long bone[13].  
While POC formation is an embryonic event, SOC formation occurs shortly after 
birth at the two ends (epiphysis regions) of rat long bones. At this time, the long bone 
has three ossification centers, one in the diaphysis and the other two are in each end of 
the cartilage model. SOC separating permanent articular cartilages from growth 
plates. When the SOC initiates, the typical epiphysis that refer to the entire 
developing end of the bone appear at both ends of the cartilage model (Figure 4). This 
encompasses 3 regions that are initially cartilage: the articular cartilage, the growth 
plate, also referred to as the epiphysis growth plate or the physis and the epiphysis 
cartilage which refers to the cartilage mass between the articular cartilage and the 
growth plate cartilage[13]. The remaining cartilage between the ossification centers 
now forms a true “growth plate”, driving further longitudinal bone growth, as well as 
the prospective permanent articular cartilages at each end of the bone[14]. During 
development, the growth plate is still a transient cartilage tissue. The continuous 
replacement of this cartilage by trabecular bone and bone marrow leads to its pivotal 
function as the primary source of longitudinal growth of long bones. In humans, the 
deposition of cartilage ceases at puberty; the metaphysis fuses with the epiphysis and 
growth stops. In mouse, longitudinal growth slows dramatically at puberty, but the 
growth plates do not completely disappear[14]. So the growth plate still exists at 
PW28 in this study, but it has no function of promoting limb growth. 
 
Morphological changes in the development of articular cartilage  
Articular cartilage is a layer of hyaline cartilage that covers the ends of the bone. 
It is a highly specialized connective tissue. Within each synovial joint, the articular 
cartilage is uniquely adapted to bear dynamic compressive loads and shear forces 
throughout the joint’s range of motion[15]. Adult articular cartilage is typically 
avascular, alymphatic and aneural, it only depends on its unique cellular component---
-chondrocytes to construct, maintain and remodel extracellular matrix (ECM), with a 
low cell density and the limited ability of chondrocytes to proliferate[16]. The cells 
were surrounded by a large number of ECM (type II collagen, proteoglycan). This 
cartilage can perform continuous functions, such as painless joint activity and elastic 
recovery. 
Most scholars hold the intermediate compartment of the histological interzone 
gave rise to articular cartilage, while cells in outer interzone layers participate in the 
initial epiphysis lengthening of long bones[17]. Derived from interzone cells, these 
periarticular, non-hypertrophic chondrocytes remain as chondrocytes during SOC 
formation and at the same time develop into articular cartilage with a lubricated 
surface for smooth joint articulation and load absorption and transmission[18]. Its 
underlying epiphysis cartilage is completely remodeled into subchondral trabecular 
bone and the subchondral bone plate. Resorption of the joint interzone leads to 
formation of the joint cavity and articular cartilage surface. Before the SOC appeared, 
that part of the epiphysis adjacent to the joint is referred to as the articular cartilage. 
This merges in indistinguishable fashion histologically with the underlying epiphysis 
cartilage[18]. SOC form postnatally, separating permanent articular cartilages from 
transitional growth plate cartilages. The skeletal structure of the limb during 
development is an ideal model to study the generation of transitional cartilage and 
permanent cartilage. Articular chondrocytes usually display a stable phenotype and do 
not undergo the processes characteristic of the growth-plate chondrocytes, such as 
rapid proliferation followed by cell-cycle exit, hypertrophy and apoptosis[19]. The 
growth plate is a transient structure and its physiological fate is to be replaced by 
bone; it is markedly different from articular cartilage that is designed to be permanent, 
ideally lasting unblemished for the entire lifetime of the individual[20]. 
Postnatal growth, the articular cartilage undergoes a series of tremendous 
structural and functional changes[15]. The final structural-maturation change at the 
undersurface of the articular cartilage, at skeletal maturation, the lowest level of the 
articular cartilage becomes calcified and this layer persists through adult life, after 
formation of the subchondral bone plate, involves calcification of the lowest zone of 
articular cartilage and appearance of the tidemark that separates the radial zone of the 
articular cartilage from the calcified zone. In this study, the formation of the tibia and 
the differentiation of chondrocytes in Wistar rats were firstly observed at GD14,17,20 
and PW2, 6, 28. The results showed that: at GD14, there was no obvious joint space 
in the limb bud, the whole cartilage anlage is composed of hyaline cartilage, and the 
articular cartilage can’t be recognized in morphology. At GD 17, the joint cavity is 
visible, and the articular cartilage is closely connected to the epiphysis growth plate, 
but the morphology of articular chondrocytes is indistinguishable from that of the 
resting area of the epiphysis growth plate. At PW2, cartilage canals appeared in 
articular cartilage and epiphysis cartilage (Figure 5), there is no typical layered 
structure of mature articular cartilage, which can be roughly divided into three layers: 
The surface chondrocytes were flat, the middle layer chondrocytes were large in size 
and aggregated in groups; the deep layer was adjacent to the SOC, and the 
chondrocytes were hypertrophic. It is worth mentioning that the chondrocytes in the 
SOC of epiphysis are lack of proliferative phase, chondrocytes directly differentiate 
into hypertrophic chondrocytes from resting chondrocytes, without obvious 
proliferation stage and pre-hypertrophy stage. At PW6, the articular cartilage 
gradually became thinner, the layers of chondrocytes decreased, the number of 
hypertrophic chondrocytes decreased, at this time, the articular cartilage appears 
layered structure, but it still does not have the typical four layers structure of mature 
articular cartilage, the tidemark is not visible and there is no typical subchondral bone 
morphology. With increasing age, the articular cartilage becomes thinner; At PW12 
typical four-layered structures of articular cartilage can be observed, they are shallow, 
radioactive, deep and calcified layers, the tidemark between the deep layer and the 
calcified layer is clearly visible, indicating that the articular cartilage has matured 
(Figure 6).  
 
Formation and development of POC 
Our observation showed that, at GD14, at the position where the POC is about to 
appear in the cartilage anlages, chondrocytes are clustered and distributed in a nest-
like manner. The volume is larger than that at both ends, and the intercellular space is 
enlarged (Figure 2). With the continuous growth and development, the chondrocytes 
in this area became hypertrophic at GD17. And by GD 20, the typical POC structure 
could be seen. These data suggest that chondrocyte hypertrophy began on GD14, 
intracartilaginous ossification began on embryo GD15, and POC appeared on GD18-
19. 
Ossification in developing long bones starts in the perichondrium, the connective 
tissue surrounding the cartilage anlage[14]. At fourteen days, chondrocyte 
hypertrophy occurs in the center of the developing model of the major long bones, the 
cellular tissue surrounding the hypertrophic cartilage differentiates into periosteum 
with an outer fibrous layer and an inner osteoprogenitor-cell layer[13]. At this time, 
intramembranous periosteal-bone formation begins at the periphery of the middle of 
the model of the developing bone. The hypertrophic chondrocytes direct adjacent 
perichondrial cells to become osteoblasts; where cells differentiate into osteoblasts 
that start to deposit and mineralize a structure called the “bone collar” around the 
cartilage anlage[5]. This bone collar forms the initiation site of the cortical bone, the 
dense outer envelope of compact bone that provides most of the strength and rigidity 
to the long bones. Meanwhile, prehypertrophic chondrocytes in the center of the 
cartilage anlage become hypertrophic chondrocytes and finally reach a terminal 
differentiation stage. Hypertrophic chondrocytes direct the mineralization of their 
surrounding matrix, attract blood vessels through the production of vascular 
endothelial growth factor and other factors, and attract chondroclasts[5]. The actual 
process of “intracartilaginous ossification” is triggered shortly thereafter, around 
GD14-GD15 in mouse, when the hypertrophic chondrocytes in the center of the 
cartilage anlage become invaded by blood vessels along with osteoclasts and 
osteoprogenitors from the surrounding perichondrium[14]. As a result, the cartilage 
anlage is progressively eroded and replaced by trabecular bone and bone marrow, a 
region initially termed the POC[21]. The ends of the long bones (with the exception 
of the metatarsals and phalanges) start to show epiphysis shaping (Figure 3). In the 
metaphysis, hypertrophic cartilage of the epiphysis growth plate is continually 
replaced with trabecular bone, a process that relies heavily on angiogenesis and 
mediates longitudinal bone growth[14]. The intracartilaginous and intramembranous 
bone formation then extend proximally and distally toward the ends of the bone. The 
physes at the end of the bone and the surrounding periosteal intramembranous bone-
formation sequence finally reach their farthest relative extent. However, in terms of 
actual bone-tissue formation, the intramembranous sequence is always slightly in 
advance of the intracartilaginous sequence, both temporally and spatially. These 
sequences may be separated by only a few hours. 
 
Formation and development of SOC 
Developing epiphysis consists of articular cartilage, epiphysis cartilage and 
epiphysis growth plate or physis. The SOC develops within the epiphysis cartilage of 
developing long bones. The cartilage canal development stage is the initial event 
preceding the appearance of SOC. When the SOC initiates, several cartilage canals 
appear at the proximal of the epiphysis cartilage, the epiphysis cartilage is excavated 
by canals invaginating from the periarticular region. The canals carry nutrients, blood 
vessels, growth factors and hormones to the center of the epiphysis cartilage. At this 
time, chondrocytes at the center of the epiphysis cartilage undergo hypertrophy and 
matrix mineralization. The cartilage canals are oriented toward the position where the 
SOC was about to form. Finally, the inner ends of the canal fuse and expand by 
continued excavation of surrounding hypertrophic chondrocytes to create the space 
for bone and bone marrow, thus establishing the SOC [22]. Once SOC is formed, it 
separates permanent articular cartilages from transitional growth plate cartilages. It 
was concluded that the cartilage canals of fetus play great roles in formation of SOC. 
But with the continuous development and maturity, the cartilage canals in the 
cartilage eventually disappeared. In this study, we observed that chondrocytes in the 
central region of epiphysis cartilage began to differentiate and hypertrophy at 7 days 
after birth. Shortly afterward, several cartilage canals appear at the proximal of the 
epiphysis cartilage. The chondrocytes around the ends of the cartilage canal are 
hypertrophy, degeneration, ECM calcification. But the cartilage canal disappeared 
without being visible at PW3. 
When the SOC appears, a centripetal and continuous new bone formation 
process begins in the epiphysis cartilage, which includes the process of chondrocyte 
proliferation, hypertrophy, transformation, apoptosis and vascular tissue invasion, 
with the growth of epiphyses, bone can continue to develop. Generally, the formation 
of SOC plays an important role in normal joint function. The formation and normal 
development of SOC is the guarantee of normal development of limb morphology and 
function. The development disorder of ossification center in different parts may cause 
different limb deformity, skeletal developmental disorders or joint movement disorder. 
If the formation or development of cartilage canal is damaged for some reason, the 
development and growth of epiphysis cartilage and the formation of ossification 
center will be seriously damaged, leaving the deformity that is difficult to be 
corrected, such as absence of femoral head, pathological dislocation of hip, etc. If the 
epiphysis border between the SOC and the growth plate is not formed, the growth 
plate lacks a blood supply barrier[23, 24], the infection of epiphysis and metaphysis 
spreads through the communication tube, which is the anatomical basis for the 
pathological evolution of acute hematogenous osteomyelitis in infants. 
Osteochondrosis of the epiphysis is an ischemic disease, and CarLson et al [25] 
believe that it is associated with abnormal degeneration of cartilage canals. It is 
expected that through further research, to reveal its etiology, so as to put forward 
targeted treatment measures. Therefore, the cartilage canals in epiphysis cartilage has 
important significance for the growth and development of cartilage. 
Howship first described the vascular channel in cartilage in 1815 and named it 
“cartilage canals” [26]. As for the formation of cartilage canals, some scholars 
advocate the theory of "passive inclusion", they think that part of the connective tissue 
in the perichondrium differentiates into new cartilage, which wrapped the blood 
vessels and surrounding connective tissue in the original pericardium in cartilage and 
became the rudiment of the cartilage canals, and it grows and expands as the cartilage 
develops. Other scholars advocated the theory of "active invasion" and believed that 
cartilage canals were formed by the dissolution of cartilage matrix and the subsequent 
active extension of pericarpium vessels and surrounding connective tissue[27]. In this 
study, we observed that the perichondrium in the epiphysis cartilage in the superficial 
part of the epiphysis cartilage has an inner depression, or the structure is simple, the 
deep cartilage tube branches are complex, and the cartilage canals wall is continuous 
with the perichondrium. These phenomena support the "active invasion" theory of 
cartilage tube formation. Cartilage canals formation is due to invagination developing 
at specific sites on the perichondrium. However, the reason why these outbreaks occur 
in some parts of the perichondrium and not in others remains unknown. The first 
epiphysis development pattern begins with cartilage canal formation in epiphysis 
cartilage have proposed three stages of spatial cartilage canal development: 
superficial, intermediate and deep. Short canals are formed in the superficial stage 
where the cartilage matrix is not calcified and chondrocytes are not hypertrophied. 
The canals increase in length during the intermediate stage; the matrix is not 
mineralized and chondrocytes obtain their level of hypertrophy. The cartilage matrix 
becomes mineralized during the deep stage. 
While POC and SOC formation share many similarities, several key 
characteristics exist to distinguish these two processes. During POC initiation, 
invading vessels originate from the perichondrium that has already become the bone 
collar containing osteoprogenitors and mature osteoblasts. This bone collar eventually 
expands to become the cortical bone. In contrast, during SOC initiation, invading 
vessels originate from periarticular region consisting of several layers of flattened 
fibroblast-like chondrocytes aligned parallel to the surface[11]. While hypertrophic 
chondrocytes, mineralized ECM, and vessel invasion appear to be involved in both 
processes, these events are coupled in POC formation but uncoupled in the 
invagination and cartilage canal stages of SOC formation. As a result, the molecular 
and cellular mechanisms involved in the early initiation of SOC canal initiation 
remain unknown[11]. 
 
Growth plate and intracartilaginous osteogenesis  
During the formation of POC, the central replacement of hypertrophic 
chondrocytes with deposition of bone on the calcified cartilage cores encompasses 
what is referred to as the intracartilaginous mechanism. In the periosteal region 
intramembranous bone formation extends the periosteal new bone sleeve. The 
periosteal development is always spatially somewhat more advanced toward either 
end of the bone than the central endochondral development. As this developmental 
sequence works its way toward either end of the bone, the cartilage forms itself into a 
specifically structured region referred to as the epiphysis growth plate (physis) 
(Figure 3)[13]. Ola Nilsson et al[28] divided the epiphysis growth plate into: 
epiphysis cartilage, resting zone, proliferative zone, proliferation-hypertrophic 
transition zone and hypertrophic zone by histological characteristics. The 
chondrocytes in the epiphysis cartilage are round and have no regular orientation. The 
resting area is adjacent to the epiphysis cartilage. The resting zone is populating by 
undifferentiated chondrocytes serving as a reservoir of stem-like progenitor cells 
which can rapidly generate proliferating chondrocytes[29]. Next is the proliferation 
zone which appears as a series of columns aligned parallel to the long axis of the 
bone. As these cells replicate, the two daughter cells line up parallel to the long axis, 
to maintain the columnar organization. Type II collagen represents a major 
component of the cartilage matrix in the resting and proliferative zones[30]. 
Chondrocytes then exit the cell cycle to become prehypertrophic and switch to 
produce type X collagen. Prehypertrophic chondrocytes increase in size and become 
hypertrophic cells that stop expressing type II collagen but continuously express type 
X collagen[31]. Eventually, hypertrophic chondrocytes reach the terminal stage with 
matrix mineralization at the metaphyseal side. At the chondro-osseous junction, the 
invasion of hypertrophic cartilage by blood vessels, osteoclasts, and osteoprogenitors, 
together with the terminal differentiation of hypertrophic chondrocytes, leads to 
degradation and remodeling of the hypertrophic cartilage ECM into trabecular 
bone[11]. Calcification occurs in the matrix of the lower margins of the hypertrophic 
zone but involving almost exclusively the longitudinal septae along the long axis of 
the bone, whereas the transverse septae are either not mineralized or only slightly 
mineralized. The vascular invasion from below progresses two or three cells deep into 
the lower margin of the hypertrophic zone and in association with this vascular 
invasion of the hypertrophic cell regions there is deposition of bone by osteoblasts on 
the persisting calcified cartilage matrix[13]. 
After birth, in the long bone, the SOC is successively formed at the end of the 
cartilage models, the remaining cartilage between the ossification centers now forms a 
true “growth plate”, driving further longitudinal bone growth that is the 
intracartilaginous ossification, as well as the prospective permanent articular 
cartilages at each end of the bone. Similar to the epiphysis growth plate, the growth 
plate is comprised of four discrete zones easily identifiable by histological analyses 
(Figure. 4). The chondrocytes in the growth plate like the chondrocytes in the 
epiphysis growth plate undergo stepwise maturation from resting, proliferative, 
prehypertrophic, and finally hypertrophic and mineralized stages[11]. The growth 
plate, which increases in width with age, but hardly changes in thickness, is entirely 
occupied by successive zones leading to intracartilaginous ossification[32]. At the top 
of the growth plate, round chondrocytes no longer proliferate rapidly and are called 
resting or reserve chondrocytes, and probably serve as precursors for the flat 
proliferating columnar chondrocytes[5]. There is a well-defined subchondral bone 
plate, which is called epiphysis border, on the side of the SOC adjacent to the growth 
plate, which can prevent the epiphysis vessels from invading the growth plate and 
thus avoid its premature differentiation and maturation[32]. When the POC and the 
SOC expand and eventually fuse, the growth plate disappears, which means the 
maturation of the skeleton. In humans, the growth plate fuses in late puberty, in 
rodents, this closure can either be greatly delayed or never fully complete[33]. 
Because of its important role in skeletal growth, any disturbance of signaling 
pathways required for growth plate development would likely cause skeletal 
dysplasia. In human, this often presents as a short stature. Mutations in the genes 
encoding these regulatory molecules result in abnormal chondrocyte behaviour and 
skeletal dysplasias, most of which are associated with dwarfism, i.e. inadequate 
growth of the bones that form by intracartilaginous ossification[34, 35]. 
Intracartilaginous ossification is one of the main ways of bone development in 
mammals, it starts from embryonic period and continues to develop and grow until the 
end of adolescence. Intracartilaginous ossification is a dynamic process of 
chondrocytes proliferation and differentiation. The agglutination of mesenchymal 
cells into the cartilage models is the starting point of intracartilaginous ossification, 
with the growth and development, mesenchymal cells differentiate into chondrocytes, 
and chondrocytes further differentiation, hypertrophy, apoptosis and eventually 
remodeled into bone after vascular invasion[36]. The ECM and angiogenesis 
stimulants produced by hypertrophic chondrocytes are the key factors to induce 
vascular invasion and angiogenesis. Neovascularization transports nutrients to cells 
involved in ECM absorption and mineral deposition, and provides the necessary 
signaling factors for the normal development of bone. Studies have shown that 
osteoclasts and osteoprogenitor cells are always attached to endothelial cells when 
new blood vessels are formed in the osteogenic zone of the growth plate, and then 
enter the osteogenic region. Vascular invasion is an essential step in the process of 
intracartilaginous osteogenesis, the invasion of blood vessels provides the necessary 
nutrients and corresponding cells and factors for the formation of cartilage. Therefore, 
the invasion of blood vessels is also a sign of cartilage transforming into bone. The 
proliferation and differentiation of chondrocytes can be orderly carried out in different 
time and space, which depends on the close regulation of chondrocytes themselves, 
surrounding matrix, systemic circulation factors, paracrine factors and transcription 
factors, as well as the precise coordination of activation and inhibition of 
corresponding pathways. The invasion of blood vessels brings osteoblasts to the 
cartilage models and forms ossification center. The expansion and erosion of the 
ossification centers led to the cartilage anlages eventually developing into bone and 
permanent articular cartilage.  
 
CONCLUSIONS 
As far as we know, this is the first morphological study to dynamically observe 
the entire process of cartilage anlages development into articular cartilage and bone 
through a series of changes from embryo to adult. Our results especially show the 
formation of POC, the formation of SOC with the participation of cartilage canal and 
the dynamic process of articular cartilage maturation. The limitation of this study is 
that only morphological observation was carried out, but no qualitative, quantitative 
and related molecular mechanisms were studied. Meanwhile, due to the limited funds, 
continuous observation and comparative analysis of different genders were not carried 
out. However, the dynamic observation of osteochondral development and the results 
of morphological characteristics at various important time points in this study is 
conducive to a deeper understanding of the overall overview of the temporal and 
spatial regularity of osteochondral development. It is helpful to provide a reference 
for other research time node selection and morphological analysis. 
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Figure 1. Safranine and Fast Green double dyeing demonstrates the dynamic 
development process of osteochondral from intrauterine to postnatal. A. Tibia of 
offspring rats at GD 14, cartilage anlages is present; B. Tibia of offspring rats at GD 
17, Primary ossification centers appear; C. Tibia of offspring rats at GD 20; D. 
Development of epiphysis at PD 10; E. Development of secondary ossification center 
formation at PW 2; F. Development of secondary ossification center formation at PW 
3; G. Development of articular cartilage at PW6; H. Development of articular 
cartilage at PW12; I. The whole osteochondral was observed at PW28. 
 
Figure 2. Morphology of the tibial cartilage anlage at GD 14, 17. A. Gross 
morphology of cartilage anlage at GD14, B. Development of cartilage anlage in the 
proximal at GD14, C. Development of the middle segment of cartilage anlage at 
GD14, D. Gross morphology of cartilage anlage at GD17, E. Development of 
cartilage primordium in the proximal at GD17, F. Development of the middle segment 
of cartilage anlage at GD17 (The black arrow refers to hypertrophic chondrocytes). 
 
Figure 3. Morphological structure of the tibia and epiphysis at GD 20 (the day 
before birth). A. In general view of the whole tibia, the primary ossification center in 
the center and epiphysis growth plates at both ends were clearly visible, B. General 
view of epiphysis growth plate adjacent to knee joint, C. General view of cells in 
different regions of epiphysis. AC, Articular cartilage; EC, epiphysis cartilage; Epi 
GP, epiphysis growth plate; POC, primary ossification center; Res ChB, resting zone 
chondroblast; Col ChB, columnar chondroblast; Preh ChC, prehypertrophic 
chondrocyte; Hyp ChC, hypertrophic chondrocyte; Term ChC, terminal chondrocyte 
(chondro-osseous junction). 
 
Figure 4. The histologic structure of the epiphysis of the proximal tibia is 
illustrated. The entire developing end of the bone from the articular cartilage surface 
to the last cells of the hypertrophic zone of the growth plate is the epiphysis. This 
encompasses 3 regions that are initially cartilage: (a) the articular cartilage (AC), (b) 
the growth plate (GP), also referred to as the epiphysis growth plate or the physis and 
(c) the epiphysis cartilage (EC) which refers to the cartilage mass between the 
articular cartilage and the growth plate cartilage. The secondary ossification center 
(SOC) forms by the endochondral mechanism within the epiphysis cartilage. The 
epiphysis border (EB) is the boundary between the growth plate and the SOC. 
 
Figure 5. The dynamic process of secondary ossification center formation and its 
characteristics. A. The dynamic process of secondary ossification center formation 
and the dynamic change of cartilage canal (cc) at different developmental time; B. 
Gross morphology of epiphysis at PW2; C. Gross morphology of articular cartilage 
(AC) at PW2; D. Gross morphology of cartilage canals at PW2; E. Gross morphology 
of secondary ossification center (SOC) at PW2 (the yellow arrow shows the 
hypertrophic chondrocytes near the articular side, and the black arrow indicates the 
border of the epiphysis border near the growth plate side); F. Gross morphology of 
growth plate cartilage at PW2 (the black arrow indicates the border of the bone plate 
near the growth plate side). RC, resting cartilage; PrHC, prehypertrophic chondrocyte; 
PC, proliferative cells; HC, hypertrophic chondrocyte. 
 
Figure. 6 morphological characteristics of mature osteochondral. A. The gross 
morphology of metaphysis at PW6, B. Gross morphology of articular cavity and 
articular cartilage during at PW6, C. General morphology of articular cartilage (AC) 
at PW6, D. General morphological view of the growth plate (GP) at PW 6 (the black 
arrow indicates the boundary of the epiphysis border near the side of the growth 
plate), E. Gross morphology of articular cartilage at PW12, F. General morphological 
view of metaphysis at PW28 (the yellow arrow refers to the degenerated growth 
plate). 






